of the stations, especially during July and August. Increased risk of potato late blight has implications for extension agents and commercial horticulturists that include increased emphasis on grower education and application of integrated disease management techniques. P otato late blight is a temporally sporadic disease that occurs only when microclimate conditions within the canopy are favorable and inoculum is present (Lacy and Hammerschmidt, 1995) . Leaf wetness duration and in-canopy relative humidity are critical variables in determining the relative risk of late blight development. As a result, changes in meteorological variables throughout the growing season that infl uence the amount of in-canopy moisture and vapor pressure could signifi cantly impact subsequent disease pressure.
This study addresses recent climate trends and their potential impact on potato late blight disease risk in the upper Great Lakes region of the U.S. The infl uence of climate on disease risk is quantifi ed with a modifi ed Wallin disease severity index (Wallin, 1962) . The index is simple and completely dependent on meteorological variables, without considering irrigation, other cultural practices, or pathogen biotype changes that could impact late blight risk. This historical perspective for potato late blight risk characterizes temporal trends in the greater Michigan region from 1948 to 1999.
Materials and methods
Historical hourly air and dew point temperatures were extracted from the National Climatic Data Center's (NCDC) surface airways data-set for seven fi rst-order National Weather Service (NWS) stations in the greater Michigan region (NCDC, 2004) . For each location, shown in Fig Possible discontinuities in the data series were of concern due to instrument updates, site modifi cations, and location changes at each of the stations during the period of record. However, Robinson (2000) found that such changes altered temperature measurements less than 1 °C (1.8 °F). While the overall impact of the gradual shift of the network instrumentation to the current Automated Surface Observing System (ASOS) beginning in the 1990s remains unclear (Robinson, 2000) , any impact of series discontinuity relative to the Wallin disease severity index was assumed to be small and the data series were used as recorded.
Potato late blight disease severity values (DSV) were calculated for each day from 1 May through 30 Sept. at each location every year. DSV were based on a modifi ed Wallin method used by Michigan State University Late Blight Lab (Baker et al., 2000) . The fi ve possible disease severity values (0, 1, 2, 3, 4) each indicate different types of day relative to disease risk (the greater the number the greater the risk). A relative humidity threshold of 80% was used to classify hourly values as conducive for late blight if the associated air temperature ranged from 7.2 to 27.0 °C (45.0 to 80.6 °F). Hours that were both above the relative humidity threshold and within temperature ranges from 7.2 to 11.7 °C (45.0 to 53.1 °F), 11.7 to 15.0 °C (53.1 to 59.0 °F), and 15.0-27.0 °C (59.0 to 80.6 °F) for a requisite number of hours were assigned the corresponding DSV (Table 1) . By convention, daily time periods were initiated at noon local time to include leaf wetness periods associated with the diurnal cycle of dew formation. Due to changes in recording procedure over time in the NWS network, data were available once every 3 h for a portion of the period of record, in which 
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were also compared at each station location. TIME TO REACH RISK THRESHOLDS. The time, t, in days until the accumulation of DSV, Σv, reached a threshold value, was calculated for fungicide spray triggers at 18 and 30 accumulated DSV. The 18 DSV (t Σv=18 ) accumulation corresponded to the traditional Wallin model threshold initiation of fungicide sprays (Wallin and Schuster, 1960; Wallin, 1962; MacKenzie, 1981) , while 30 (t Σv=30 ) was used in the MSU modifi ed system to signal an increase in fungicide application rate from minimum to maximum manufacturer's recommended application rate. In the MSU system, applications of fungicides were recommended to start soon after emergence regardless of conditions, or Σv, in order to prevent initiation of epidemics from late blight contaminated seed.
Consecutive rain days and other relatively short time periods with large DSV accumulations are especially important for management decisions related to late blight control. The number of times during each growing season when the accumulated late blight risk during any 5-d time period, t i..i+5 , was greater than 10 (Σv>10) was used to estimate the frequency of canopy conditions that were highly conducive to late blight.
TRENDS IN TIMING OF RISK AC-CUMULATION.
Trends in 30-d accumulated values were assessed to determine which of those periods within the growing season were most infl uenced by changing weather patterns. Since no previous research has established an optimal time scale within the growing season for late blight risk, or defi ned the beginning and end of risk periods seasonally, DSV accumulations were started on the fi rst and 15th of each month May through September. These 30-d periods were then associated with potato canopy leaf area index (LAI) estimates for the growing region (Allen and Scott, 1992) . LAI monthly estimates were important to the understanding of how canopy conditions case hourly temperature and relative humidity were estimated with linear interpolation.
TREND ANALYSIS. Trends in the timing and accumulation of disease severity values were quantifi ed using a non-parametric slope estimator (Sen, 1968) . Unlike linear regression, this trend magnitude statistic (B) is not signifi cantly impacted by lack of normality, missing data values and errors that are common in climatological data. This method was used in similar studies of hydrological and climatological time series trend analyses (Andresen et al., 2001) . When n is the number of observation in a series, B is calculated as:
where D ij is defi ned as:
for all possible pairs (x i ,x j ) of the data series, 1 ≤ i < j ≤ n, and n is the number of years in the series. represents x days in a given growing season with a particular disease severity y. The number of days with each specifi c DSV value, Σx y and the number of days with a value greater than zero, Σx y>0 , were compared to determine if trends were related to increasing frequency of a specifi c type of risk condition. The distribution of Σx y>0 and the change in Σx y distribution relate to those in the ambient air during analyzed time intervals. Similarly, to determine relationships between trends in late blight risk indicators and the physical environmental variables from which they were derived, monthly dew point temperature (T d ) and ambient temperature (T a ) were also analyzed for the presence of trends.
Results

SEASONAL DSV ACCUMULATION.
Time series of annual DSV accumulations, with median value line added and smoothed trend line (9-year moving average) overlaid, are shown in Fig. 2 . Across the region, DSV accumulations (Σv) tended to be greater in 1960 -62, 1978 -79, and 1994 -96. From 1948 to 1999 , all Σv increased with respect to time ( Table 3) . The increases at all sites except Toledo and Traverse City were statistically signifi cant (at the P = 0.05 level). Increases in Σv at Sault Ste Marie, Green Bay, Muskegon and Toledo were of similar magnitude, between 0.54 and 0.61 DSV per year from 1948-99. The magnitude of the increases in Σv at Alpena and Grand Rapids, 1.00 and 1.10 respectively, was nearly double those at the other locations.
Decreases were observed in the number of days with a DSV of 0 (Σx 0 ) at all locations (Table 4 ). The decreases were signifi cant at Sault Ste Marie, Alpena, Green Bay, and Muskegon. Temporal trends for every location and every Σx y>0 were either positive or near zero. No location exhibited a signifi cant change in Σx 1 , but at all locations except Traverse City there were signifi cant increases in Σx 2 . There were signifi cant increases in Σx 3 at Green Bay and Alpena, and Σx 4 at Grand Rapids and Sault Ste Marie over the 50-year time period.
THRESHOLD ANALYSIS. The number of days between the start of the growing season and the accumulation points of 18 (t Σv=18 ) and 30 DSV (t Σv=30 ), WORKSHOP both of which are used as fungicide spray thresholds, exhibited negative slopes with respect to time ( Table  5 ). The time in days to reach both thresholds signifi cantly decreased at Grand Rapids and Sault Ste Marie, and t 0-30 also decreased signifi cantly at Alpena and Toledo from 1948-99 (Table 5) . The rates of change in the numbers of extremely conducive intervals, Σv >= 10, for each location from 1948-99 are shown in Table 5 . The increases in the number of these intervals were statistically signifi cant at Grand Rapids, Toledo and Traverse City. The greatest increase in Σv >= 10 was observed at Traverse City. Increases in Σv >= 10 at Green Bay and Muskegon were also positive, but there were no changes in the number of Σv >= 10 intervals at the two northernmost stations, Sault Ste Marie and Alpena (Table 5) .
TIMING OF DISEASE RISK. Results from the analysis of DSV accumulation during 30-d periods throughout the growing season, beginning on the fi rst and 15th of each month at each station, are shown in were signifi cant starting 1 June. Mean 30-d Σv for each location's full growing season are shown in Fig. 3 . 30-d Σv increased at all locations from May through August, then decreased to the end of the season. The change in environmental conditions conducive to late blight closely mirrored the seasonal pattern of potato canopy leaf area index (LAI), also estimated in Fig. 3 . While the exact timing and magnitude of LAI varied with variety, planting date, and growing season, all were observed to have increased from emergence until August, after which the canopy senesced. The mean 30-d Σv values in Fig. 3 which are circled increased signifi cantly in 30-d Σv from 1948-99 (extracted from Table 6 ). In most cases, the signifi cant increases occurred during 30-d Σv periods beginning in June and July, which is earlier in the season than the more typical climatological late blight risk peak in August. Rate of change statistics for monthly mean dew point and ambient air temperature at the seven locations from 1948-99 are shown in Table 7 . For every month, greatest increases in dew point temperatures were found at the Alpena station. The 50-year increase in dew point temperature at Alpena was signifi cantly during the months of July and August, and also for the growing season as a whole. Increases only slightly less than those at Alpena occurred at the two southernmost stations of Grand Rapids and Toledo during June, July, and August, while increases were signifi cantly positive at Grand Rapids in August and at Toledo in July. On a seasonal basis, the total increase in dew point temperature was also signifi cant at Green Bay. While the greatest increases in dew point temperature in terms of magnitude occurred in May at Sault Ste Marie and Alpena, increases at all other locations tended to occur later in the season.
Dry bulb and dew point temperatures were found to increase at most stations throughout the growing season. Dew point temperatures increased particularly during July and August. In contrast to the late season dew point increases, the greatest increases in ambient air temperatures tended to occur in May at most locations. Greatest increases again were observed at Alpena, except in July when the increase was slightly higher at Toledo. The mean air temperature increase was signifi cant at Alpena for the seasonal mean and at Traverse City for July. The only decreases in air temperature occurred at Muskegon from 1948-99 during May, June and September.
Discussion
Overall, the results suggest that environmental conditions between 1948 and 1999 became more conducive for development of potato late blight throughout Michigan and surrounding areas of the Upper Great Lakes region, within the parameters of what is currently known about the infl uence of temperature and relative humidity on late blight development. Risk of infection has also been increasing with the advent of metalaxyl-insensitive strains of P. infestans and tightening fungicide regulations. Host resistance does not seem to be a viable solution to late blight risk in the immediate future. Considered collectively, these trends suggest that disease management for potato production has become relatively more diffi cult through time in the Upper Great Lakes region.
The increase in late blight risk, as measured by at least one of the risk indicators derived from DSV estimates, was statistically signifi cant at every location.
Conditions at Alpena and Grand Rapids became significantly more conducive for the development of late blight over the period from 1948 to 1999 in the greatest number of tested indicators used to estimate risk. Risk indicators such as Σv, Σx y , and 30-d Σv in June and July also increased signifi cantly at Sault Ste Marie and Muskegon. The lowest rate of change in disease risk of any location was found at Traverse City, where the only signifi cant positive change in risk-related indicator was the number of 5-d intervals with an accumulation of at least 10 disease severity values.
Σv per growing season, used in this study as an indicator of overall growing season late blight risk, increased at all stations from 1948-99, and at all locations there was a decrease in the number of days with little or no late blight risk (Σx 0 ). In addition, the number of days of each day type indicated that late blight risk from minimal (Σx 1 ) through severe (Σx 4 ) levels increased or at least remained constant at each location.
Fungicide applications are often initiated or increased following accumulation of specifi c DSV-related thresholds. The results of this study illustrate that the time that these thresholds were reached closely corresponded with the time of "full" potato canopy (LAI=3). Although Wallin-based DSV systems have been used extensively to monitor late blight risk, knowledge of the canopy environment may be the most important for growers in terms of making fungicide recommendations. This result questions the usefulness of DSV type systems.
A DSV-type system may be most useful with respect to identifying ex-tremely conducive periods in the growing season (e.g., 5-d periods with at least 10 DSVs). However, it is diffi cult for growers to respond to these periods as heavy precipitation totals that favor late blight development also make fi eld operations (such as spraying) diffi cult. The high precipitation and humidity typical during high-risk periods, are also easily identifi able without a DSV system. Future research should focus on the usefulness of DSV-type late blight risk systems.
As shown in Fig. 3 , ambient environmental conditions most favorable for late blight occurred during August coincident with peak leaf area index (LAI) in the potato canopy. This period is crucial because when LAI ≥ 3, canopy conditions have become relatively more conducive to late blight than ambient conditions might suggest. Both air fl ow and light penetration decrease as LAI increases, resulting in a greater likelihood of late blight development because of higher leaf wetness duration in the canopy. Signifi cant increases in conducive conditions as measured by 30-d Σv occurred during June and July, prior to the August peak in late blight risk. This result is important in terms of foliar fungicide spray timing early in the season (e.g., shortly after emergence, especially in June). The period of increasing risk spans the period of canopy development, from just after emergence in June to the August peak in measured late blight risk indicators, indicating that from 1948 to 1999 higher late blight risk occurred more quickly after emergence and remained higher for longer periods of time (e.g., during times of full canopy development).
When 30-d trends in the environmental variables of dew point and ambient air temperature were analyzed, ambient air temperature increased most frequently in May. This result suggests an earlier spring warm up and a possible lengthening of the growing season, which agrees with the fi ndings of previous research in the region (e.g., Andresen and Harman, 1994) . Growth of the potato canopy occurs with development and expansion of individual leaves and the rate of development and expansion increases with increasing temperatures. Warmer temperatures in May lead to greater LAI earlier in the season, creating a canopy microclimate more conducive to late blight development at the same time as larger scale weather patterns are also increasing late blight risk.
Increases in dew point temperatures, by contrast, were found to have been less frequent in May than during the rest of the growing season. This result would suggest an increase in growing season moisture throughout the Upper Great Lake region in June, July, August, and September. Because the rate of change in late blight risk was greatest in June and July, when dew point temperatures are increasing as opposed to ambient air temperatures, increasing moisture is most likely impacting the accumulation of DSV more than the change in temperature. The accumulation of fungicide spray threshold values earlier in the season, is likely also being impacted more by the increase in dew point temperatures in June and July than the earlier spring warm up. Median time to threshold values across locations corresponded to estimates of full canopy conditions. Increases in dew point and air temperature are supported by the research of Karl and Knight (1998) on trends in precipitation in the U.S., which estimated a 10% increase in the annual precipitation as a national average in the last 80 years (1998) . During this time, heavy and extreme precipitation events began to contribute a greater portion of the total precipitation in both single and multiple day precipitation events. The increasing frequency of these events may be one of the factors infl uencing the increase of highly conducive 5-d intervals. The annual number of days with precipitation also increased in the contiguous U.S. (Karl and Knight, 1998) .
In the Great Lakes region, precipitation amounts have risen approximately 0.4 mm (0.016 inch) per year since 1895, with a signifi cantly greater number of wet days following wet days (Andresen et al., 2001) . These increases in annual precipitation, number of days with precipitation, and the number of wet days following wet days are each expected to have increased risk of potato late blight infection and subsequent yield and economic losses.
